Background/Aims: Spinal cord injury (SCI) is a common and devastating disease, which results in systemic inflammatory response syndrome and secondary lung injury. Mitochondrial dysfunction and inflammation are closely related to lung injury in diverse disease models. No studies have demonstrated the effects of mitochondrial targeted peptide SS-31 in a mouse model of SCI-induced lung injury. Methods: Immediately after injury, mice in the treatment groups received a daily, single-dose intraperitoneal injection of SS-31 and for the next 2 days. The sham and SCI groups also received a daily single dose of vehicle (DMSO and 0.9% NaCl, 1:3). The lung tissue of mice was examined after SCI, and tissue damage, apoptosis, inflammation, and mitochondrial dysfunction were recorded. Results: SS-31 treatment attenuated lung edema and tissue damage. Furthermore, SS-31 treatment reduced apoptosis of alveolar type II cells, the number of total macrophages and M1 macrophages, and neutrophil infiltration. Moreover, SS-31 treatment attenuated reactive oxygen species levels, reversed mitochondrial dysfunction and inhibited NLRP3 inflammasome activation. Conclusions: Collectively, our results demonstrate that SS-31 attenuates mitochondrial dysfunction, controls inflammatory responses, and alleviates the severity of lung damage in a mouse model of SCI-induced lung injury.
Introduction
Spinal cord injury (SCI) is a fatal neuro-destructive disease, with a variety of complications [1] [2] [3] . Pulmonary complications contribute significantly to the mortality and morbidity of SCI patients [2, 3] . Accumulating evidence indicates that SCI not only causes inflammation of spinal cord tissue, but also results in systemic inflammatory response Cellular Physiology and Biochemistry
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Paraffin section preparation Lung tissue samples were dissected out after transcardial perfusion with cold physiological saline and 4% paraformaldehyde, fixed in paraformaldehyde at room temperature, dehydrated, and embedded in paraffin. Transverse paraffin sections (4 μm-thick) were used for hematoxylin and eosin staining, immunofluorescence labeling, and terminal dexynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL).
Histologic evaluation
For histologic evaluation, paraffin-embedded sections (4 μm) were stained with hematoxylin and eosin. Each histologic characteristic was graded from 0 (normal) to 5 (maximal) based on cell infiltration, alveolar wall thickening, congestion, intraalveolar hemorrhage, and edema by a pathologist who was blinded to the allocation of groups according to a previous study [23] . The histologic score from four optical fields in each of the five sections per animal were averaged (n=5 mice/group).
Immunofluorescence labeling
After deparaffinization, the sections underwent microwave repair in 0.01 M citrate buffer solution (pH=6.0), followed by incubation overnight with primary antibodies anti-myeloperoxidase (MPO) (1:500, Abcam, Cambridge, UK), anti-Iba-1 (1:500, Abcam), and anti-CD68 (1:300; Santa Cruz, CA, USA) combined with anti-inducible nitric oxide synthase (iNOS) (1:300; Santa Cruz) and subsequently incubated with appropriate secondary antibodies followed by nuclear staining with DAPI. Images were obtained with a fluorescence microscope (Olympus, Tokyo, Japan). Cell counts and analysis were performed using ImageJ software (1.4, NIH). The number of positive cells from four optical fields (high power field, 225 µm×162 µm) in each of the five sections per animal were averaged (n=5 mice/group). TUNEL TUNEL staining was performed using an In Situ Cell Death Detection kit (Roche, Basel, Switzerland) according to the manufacturer's instructions. Briefly, after deparaffinization, slides were incubated with proteinase-K, then TUNEL reaction mixture, followed by blocking buffer with peroxidase-streptavidin conjugate solution, and finally 0.03% diaminobenzidine. For co-staining of surfactant proteins, SP-C and TUNEL, the slices were first labeled with the anti-SP-C (1:300; Santa Cruz), and then TUNEL followed by nuclear staining with DAPI. Images were examined by a fluorescence microscope (Olympus, Tokyo, Japan). The number of positive cells from four optical fields (high power field, 450 µm×325 µm) in each of the five sections per animal were averaged (n=5 mice/group).
Extraction of fresh tissue
Lung (left) tissue was dissected out after transcardial perfusion with cold physiologic saline, and subsequently carefully removed and stored at −80°C until use for quantitative real-time PCR (qPCR), western blot and ROS detection. qPCR Total RNA and DNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and a DNeasy Tissue Kit (Qiagen, Valencia, CA, USA), respectively. All primers used were designed through Primer 3 software ( Table 1 ). The mRNA expression levels of genes and mitochondrial (mt) DNA copy number was detected. For qPCR of mRNA expression levels of genes and mtDNA copy number, reverse transcription was carried out, followed by real-time PCR amplification. The copy number of mtDNA expression and ATP synthase mRNA expression were normalized against the 18S rRNA (encoded by nuclear DNA) level; other mRNA expression levels were normalized against reference gene GAPDH and measured using the ∆∆ CT method (n=5 mice/group).
ROS detection
Lung tissue samples were cut into pieces and digested by pancreatic enzyme at 37°C for 1 h, followed by filtration, centrifugation, and removal of the supernatant. 2, 7-Dichlorodi-hydrofluorescein diacetate (DCFH-DA) was added and incubation incubated for 20 min at 37°C, followed by washing with serum free medium three times, and appropriate phosphate buffer saline (PBS)suspension. ROS level was detected by flow cytometry (FACSCalibur; BD Biosciences, San Diego, CA, USA) (n=5 mice/group).
Western Blot
For protein sample preparation, lung specimens were homogenized and extracted with RIPA buffer (Beyotime, Nanjing, China). Protein concentration was measured with a BCA TM protein assay kit (Pierce, Bonn, Germany) according to the manufacturer's instructions. Total protein (30 μg/lane) was separated through sodium dodecyl sulfate polyacrylamide gel electrophoresis, and then transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). Thereafter, membranes were blocked with 5% skimmed milk, and then incubated with the following primary antibodies: anti-NLRP3, anti-caspase-1 (all 1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-IL-1β (1:1000; Cell Signaling Technology, MA, USA), and β-actin (1:1000; Santa Cruz Biotechnology) overnight at 4°C, followed by incubation with the respective secondary antibody. Moreover, the level of cytosolic cytochrome c (Cyt C) (1:1000; Abcam, Cambridge, UK) was also determined. For densitometric quantification, the specific band intensities were normalized to β-actin in the same blot (n=5 mice/group).
Statistical Analysis
All values are presented as the mean ± standard error of the mean (SEM). Statistical differences between groups were analyzed using one-way analysis of variance (ANOVA) followed by Tukey's posthoc test. When the values in the study were not normally distributed, statistical differences were analyzed using one-way ANOVA on ranks with post hoc Dunn's method. A P-value of less than 0.05 was considered statistically significant.
Results

SS-31 alleviates lung edema
Lung edema was analyzed by wet/dry weight ratio. SCI mice (1.5 ± 0.13, P=0.009, Fig. 1 ) had a higher ratio than sham mice (2.6 ± 0.27, Fig. 1 ), indicating that SCI mice were significantly edematous 72 h postinjury. However, treatment with SS-31 significantly antagonized lung edema by reducing the wet /dry weight ratio (1.8 ± 0.13, P=0.039, Fig. 1 ), indicating that SS-31 treatment significantly alleviates lung edema post-injury.
SS-31 ameliorates histological injury
To assess lung injury, lung sections were stained with hematoxylin and eosin ( Fig. 2A-2C ). As shown in Fig. 2B , substantial morphologic changes including Fig. 2D ). However, SS-31 treatment dramatically ameliorated histologic deterioration and reduced the lung damage score (1.7 ± 0.26, P<0.001, Fig. 2D ), suggesting that SS-31 treatment significantly ameliorates histological lung injury after SCI.
SS-31 attenuates apoptosis of alveolar type II cells
To detect apoptosis of alveolar type II cells, co-staining of SP-C (the marker of alveolar type II cells, red fluorescence) and TUNEL (green fluorescence) were performed (Fig. 3A,  3B ). The number of TUNEL-positive alveolar type II cells was increased in the SCI group (34.3 ± 2.56, P<0.001, Fig. 3A, 3B ) compared to the sham group (3.5 ± 0.43, Fig. 3A, 3B) , whereas SS-31 treatment clearly reduced TUNEL-positive alveolar type II cells (12.0 ± 1.37, P<0.001, Fig. 3A, 3B ). These data clearly show that SS-31 treatment significantly attenuates apoptosis of alveolar type II cells.
SS-31 reduces neutrophil infiltration
Myeloperoxidase (MPO), which is involved in the catalysis and formation of ROS [24] , represents the activation and infiltration of neutrophils [25] . Thus, neutrophil infiltration was analyzed by MPO activity in this study. SCI mice exhibited a significant increase in neutrophil infiltration as shown by an elevation in MPO-positive (green fluorescence) cells (6.0 ± 0.89, P=0.002, Fig. 4A-4D ) compared to sham mice (1.6 ± 0.60, Fig. 4A-4D ). However, this rise in MPO-positive cells after SCI was markedly attenuated by SS-31 treatment (2.6 ± 0.51, P=0.11, Fig. 4C,4D ), indicating that SS-31 treatment significantly suppresses neutrophil infiltration in lung tissue.
SS-31 diminishes macrophages
To analyze the number of macrophages, the number of Iba-1-positive cells was estimated by immunofluorescence labeling [26] . Iba-1-positive (green fluorescence) cells were robustly elevated in the SCI group (16.3 ± 1.50, P<0.001, Fig. 5A-5D ) compared to the Fig. 5A-5D ), but this increase was alleviated by SS-31 treatment (4.3±0.50, P<0.001, Fig. 5A-5D ), suggesting that SS-31 treatment significantly diminishes the number of macrophages.
SS-31 decreases M1 macrophages
To quantitatively analyze M1 macrophages, we performed double-labeling immunofluorescence using antibodies against iNOS (a marker of M1 macrophages) [27] and CD68 (a marker of activated macrophages) [28] . As shown in Fig. 6A and 6B, the SCI group (7.2 ± 1.16, P=0.001) had a significant increase in the number of CD68 (green fluorescence)/ iNOS (red fluorescence) positive cells compared to the sham group (1.0 ± 0.45). This increase was markedly attenuated by SS-31 treatment (1.8 ± 0.58, P=0.003, Fig. 6A, 6B) .
We also determined the effects of SS-31 on mRNA expression of iNOS (Fig. 6C) . SCI markedly increased iNOS mRNA expression in the SCI group (1.9 ± 0.15, P=0.03, Fig. 6C ) compared to the sham group (1.0 ± 0.16, P=0.02, Fig. 6C ), whereas up-regulation was alleviated by SS-31 treatment (1.1 ± 0.11, P=0.02, Fig. 6C) . These data clearly demonstrate that SS-31 treatment significantly decreases the number of M1 macrophages.
SS-31 inhibits NLRP3 inflammasome activation
NLRP3 inflammasome can promote caspase-1-dependent processing of the maturation and release of pro-inflammatory cytokine IL-1β. NLRP3 (0.4 ± 0.04, P=0.001, Fig. 7A, 7B) , active-caspase-1 (0.5 ± 0.06, P<0.001, Fig. 7A, 7B) , and IL-1β (0.2 ± 0.03, P=0.002, Figures  7A, 7B ) levels were significantly increased in SCI mice compared to sham mice (NLRP3: 0.13 ± 0.03; active-caspase-1: 0.1 ± 0.02; IL-1β: 0.1 ± 0.01). However, treatment with SS-31 alleviated the up-regulation of NLRP3 (0.20 ± 0.13, P=0.001, Fig. 7A, 7B) , active-caspase-1 (0.2 ± 0.03, P=0.003, Fig. 7A, 7B) , and IL-1β (0.1 ± 0.02, P=0.16, Fig. 7A, 7B ), illustrating that SS-31 treatment significantly inhibits NLRP3 inflammasome activation.
SS-31 inhibits mitochondrial dysfunction
Based on a previous study [12] , we investigated the effects of SS-31 on the change in mtDNA copy number, ATP synthases, and the release of cytosolic Cyt C three days post-injury to analyze mitochondrial dysfunction. SCI induced significant abnormalities in mitochondrial function, as shown by the reduction in mtDNA copy number (1.0 ± 0.12, P=0.007, Fig. 8A ), ATP synthases (1.0 ± 0.14, P=0.007, Fig. 8B ) and release of Cyt C (0.6 ± 0.04, P<0.001, Figures 8C,8D) , in the SCI group compared to the sham group (mtDNA copy number: 0.5 ± 0.08; ATP synthases: 0.4 ± 0.08; release of Cyt C: 0.3 ± 0.03, Figures 8A-8D) . However, these abnormalities in mtDNA copy number (0.9 ± 0.09, P=0.013, Fig. 8A ), ATP synthases 
SS-31 reduces ROS production
ROS production was also detected in lung tissue using flow cytometry. SCI mice (60229.1 ± 6686.13, P=0.003, Fig. 9A, 9B) showed a significant increase in ROS compared to sham mice (30010.7 ± 2249.88, Fig. 9A, 9B) . However, this up-regulation was alleviated by SS-31 treatment (40818.9 ± 4817.15, P=0.046, Fig. 9A,9B ). These data suggest that SS-31 treatment significantly reduces ROS production.
Discussion
Recently, the mitochondrial targeted peptide SS-31 has been shown to have protective effects in many disease models [29] [30] [31] . SS-31 ameliorates isoflurane-induced impairments of mitochondrial morphogenesis and cognition deficits in rats [29] . Furthermore, SS-31 attenuates renal injury in diabetic nephropathy through an antioxidant effect [30] . Moreover, SS-31 alleviates pulmonary arterial hypertension induced by transverse aortic constriction in mice [31] . However, the effects of SS-31 on SCI-induced lung injury are unclear. Here, our results clearly demonstrated that SS-31 attenuated mitochondrial dysfunction, controlled inflammatory responses and alleviated the severity of lung damage in a mouse model of SCIinduced lung injury.
Mitochondria are important intracellular organelles in controlling cellular energy metabolism [32] . Moreover, mitochondria are a major source of reactive oxygen species (ROS) and contribute to cell signal transduction [12] . Mitochondrial dysfunction leads to an increase in ROS production, mitochondrial DNA damage (copy number reduction and mutation), disorders in oxidative phosphorylation of the mitochondrial respiratory chain, and the reduction of ATP production [33] . Mitochondrial dysfunction is closely associated with lung injury [15, 16] . Regulation of mitochondrial dysfunction attenuates lung tissue damage [13, 14] . In the present study, we analyzed microglia polarization using mtDNA copy number, ATP synthases, and the release of cytosolic Cyt C based on a previous study [12, 33] . We demonstrated that SS-31 attenuated the reduction of mtDNA copy number and ATP synthases, and the release of Cyt C. These results indicated that SS-31 treatment notably attenuates mitochondrial dysfunction in lung tissue after SCI.
There is increasing evidence to suggest that mitochondrial dysfunction contributes to NLRP3 inflammasome activation [12] . NLRP3 inflammasome is assembled by NLRP3, apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), caspase-1 released after an endogenous ''danger signal" and exogenous infection, comprise an important cytosolic protein complex [34] ; this provides a caspase-1-activation platform to promote the maturation and release of proinflammatory cytokines, including IL-1β and IL-18 [35] . NLRP3 inflammasome plays a critical role in lung injury in diverse models [34, 36] . Inhibition of NLRP3 inflammasome activation attenuated lung tissue damage and the pulmonary inflammatory response in a mouse model of LPS-induced lung injury [36] . Inhibition of NLRP3 inflammasome also attenuated ventilation-induced lung injury [34] . In this study, we found that SS-31 reduced the expression of NLRP3, active-caspase-1, and IL-1β. These results suggest that SS-31 treatment markedly inhibits NLRP3 inflammasome activation in lung tissue following SCI in mice.
Neutrophils and macrophages assemble in the lung tissue and participate in SCI-induced pulmonary events [4, 6] . Moreover, neutrophils are believed to be the crucial inflammatory cells that migrate from the circulation to the lung parenchyma [4, 6] . Neutrophils, which secrete elastase, proteases, and MPO, can result in lung tissue damage [37] . Targeting neutrophils prevented malaria-associated lung injury in mice [38] . Our data show that SS-31 reduced MPO-positive cells, suggesting that SS-31 treatment suppresses neutrophil invasion to lung tissue following SCI.
Macrophage differentiation is divided into the M1 and M2 phenotypes and different subsets exert distinct features [39, 40] . M1 macrophages are associated with high levels of proinflammatory cytokines and have detrimental effects and toxicity [41] ; whereas, M2 Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry macrophages produce anti-inflammatory mediators and exhibit regeneration and protection [40] . The reduction of M1 macrophages alleviates damaging inflammatory activity in the lung [41] . Here, we demonstrated that SS-31 decreased Iba1-positive cells and CD68/iNOSpositive cells. In addition, SS-31 also decreased iNOS mRNA. These results indicate that SS-31 reduces the number of total macrophages and M1 macrophages.
Conclusion
Collectively, our results demonstrate that SS-31 attenuates mitochondrial dysfunction, controls inflammatory responses, and alleviates the severity of lung damage in a mouse model of SCI-induced lung injury.
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